To reinforce the use of kenaf-derived cellulose as a compatible plastic filler, the cellulose (C) was thermally grafted with various concentrations (5, 8, and 11 wt.%) of hydrolysed 3-aminopropyltriethoxysilane (APS). The silane-grafted cellulose (SGC) were named as SGC5, SGC8 and SGC11. C (30 wt.%) and all of the SGC were respectively melt-compounded into poly(lactic acid) (PLA) before being hot-pressed into ~0.3 mm sheets, which is the approximate thickness of clamshell packaging. The intermolecular interaction between SGC and PLA, which was absent with C, was confirmed via Fourier Transform Infrared Spectroscopy (FTIR). PLA filled with SGC5 or SGC8 showed significant improvement in thermal, tensile, physical, and barrier properties compared with the PLA/C composite. In contrast, adverse effects were observed with the PLA/SGC11 composite. 8 wt.% of APS was concluded as the critical concentration to be thermally-grafted onto the kenaf-derived cellulose as PLA/SGC8 composite showed optimum reinforcement in tensile strength (52 MPa), crystallizability (16% crystallinity), water resistance (5.3%) and dimensional stability (3.3%), and significantly shifted oxygen barrier from medium-low range to medium range (3.2 x10 -17 m 3 m/m 2 s Pa). Overall, the variation in the properties of these biocomposites may extend PLA's range in food packaging applications.
INTRODUCTION
The demand for bio-sourced materials in food packaging applications will continue to grow due to the continuous improvements in barrier and mechanical properties, the reduction in production costs close to those of petrochemicalbased polymers, and their improved environmental profiles 1 . In a market forecast by European Bioplastics, it was projected that the bioplastic production of 1.2 million tons in 2011 will increase five-fold by 2016, reaching approximately 5.8 million tons 2 . As the consumer markets move toward "greener" products, natural fibres, such as flax, jute, hemp, and kenaf, are gaining attention as substitutes for manmade fibres, such as aramid, carbon, and glass, as reinforcing fillers in composites development 3 .
Natural fibres-reinforced PLA composites have been widely studied over the last decade to compete with petrochemical-based products. We contributed to this work with our study on kenaf-derived cellulose-reinforced PLA composite 4 . Kenaf-derived cellulose (C) was thermally grafted with a silane coupling agent, namely 3-aminopropyltriethoxysilane (APS) prior to filling into PLA for improved compatibility and adhesion. As the composite development was aimed at food packaging applications, migration of constituents must be minimized within generic migration limit. The reactive silanol molecules have to be covalently bonded or condensed onto the cellulose before reinforcement because any physisorbed or unreacted silane can easily desorb, thus migrate from the composite material. For example, Abdelmouleh 5 reported total desorption of silane coupling agents (APS and TAS) from silane-treated microcrystalline cellulose (MCC) after 15 h of Soxhlet extraction with ethanol. In contrast, when the similar treatment was further subjected to thermal treatment, nearly 100% of APS and TAS adherence on MCC was reported, even after the extraction procedure. Weigel and Kellner 6 reported significant desorption of physisorbed APS from APS-treated germanium, even after 15 min of water rinsing. An in-depth study of the hydrolysis-condensation kinetics between silane coupling agents and cellulose was performed by Brochier Salon et al. 7, 8 , using nuclear magnetic resonance (NMR) spectroscopy.
Our previous study reported positive results in the thermal properties of kenaf-derived cellulose and its PLA composite after it was thermally grafted with silane cooling agent (APS) at one concentration (5 wt.%) 4 . Acknowledging the potential of the work, it became the focus of the present study to investigate the effect of using several concentrations of (APS) silane during cellulose treatment, which is distinct from the typical practice in other studies. The study investigate the trend from the chemical, thermal, mechanical, physical, and barrier properties of the developed composites, which are among the major criteria considered for materials intended for food packaging applications. From these analyses, an optimum APS concentration for cellulose surface treatment is determined.
EXPERIMENTAL

Materials
Poly(lactic acid) (PLA) resin (Ingeo 2003D, with melt flow index of 6 g/10 min at 210 o C, D-lactide of 4 to 4.5%, and a bulk density of 0.85 g/cm 3 ) was purchased from NatureWorks LLC, USA. Kenaf bast fibre (KBF) was obtained from the Institute of Tropical Forestry and Forest Products (INTROP), Malaysia. Reagent-grade sodium hydroxide (NaOH) and acetic acid (CH 3 COOH), technical-grade sodium chlorite (NaClO 2 ) of 80% purity, and 3-aminopropyltriethoxysilane (APS) of 99% purity were purchased from Fisher Chemicals Sdn. Bhd., Malaysia.
Preparation of Cellulose (C) from Kenaf Bast Fibre (KBF)
A detailed preparation method was previously reported 4 . C was derived from KBF via chlorination using CH 3 COOH and NaClO 2 to remove lignin, followed by alkali treatment via 2 h of soaking in 5% w/v of NaOH solution to remove hemicellulose, lignin residue, and other impurities. C was oven dried at 80 o C overnight prior to storage.
Cellulose Sizing
The method for cellulose grinding and size measurement (silane-grafted or ungrafted cellulose) was previously reported 4 . In the present study, cellulose sieved through a 125 μm sieve was used, in contrast to the previous work, which used cellulose between the 250 μm and 125 μm sieves. Therefore, the diameters and lengths of the composite fillers were measured accordingly. Figure 1 presents the diameter distribution of cellulose collected after being sieved through a 125 μm test sieve. SGC5, SGC8, and SGC11 were measured after treatment of the post-sieved cellulose. From Figure 1 , the majority (more than 90%) of the fibres (silane treated and untreated) had a diameter from 10 to 30 μm. Table 1 categorizes the range of filler size in accordance with their diameter and shows their average aspect ratio. While SGC11 had the same fibre size range as C from 0 to 30 μm, SGC5 and SGC8 had a wider size range from 0 to 40 μm.
Preparation of SilaneGrafted Cellulose (SGC)
The method for the preparation of SGC was similar to that as previously Generally, all of the SGC samples were subjected to thermal treatment at 120 o C under a vacuum of 2 mmHg for 2 h for grafting. Then, they were washed with ethanol for 15 h via Soxhlet extraction to remove any physisorbed or unreacted silane from the SGC. The SGC was oven dried at 80 o C overnight prior to storage.
Preparation of Composites
Prior to melt-compounding, PLA resins and all of the fillers were oven dried at 60 ºC overnight to a constant weight. A 70/30 w/w blend of PLA/C, PLA/ SGC5, PLA/SGC8, and PLA/SGC11 was prepared via melt-compounding using an internal mixer (Brabender To prepare the composites so that they are viable for food packaging applications, the blends were pressed into ~0.3 mm composite sheets, which is the typical thickness of clamshell packaging, with a hot and cold press machine (Hot and Cold Press Machine, LP-50, Thailand) at 160 o C for further characterization.
Fourier Transform Infrared Spectroscopy (FTIR)
The chemical composition of the PLA and its composites were investigated using FTIR (Perkin Elmer, Spectrum One FT-IR Spectrometer, US) with the attenuated total reflectance (ATR) technique. The spectra were logged in absorbance mode with a resolution of 4 cm -1 in the range of 600 to 4000 m -1 . Each samples were averaged at ten scans.
Thermogravimetric Analysis (TGA)
The thermal properties of PLA and its composites were investigated using a thermogravimetric analyser (Perkin Elmer, TGA 7, US). Approximately 4 to 10 mg of respective samples were placed in appropriate pans. They were heated from 30 to 600 o C at 10 o C/min under a nitrogen atmosphere at a flow rate of 20 mL/min.
Differential Scanning Calorimetry (DSC)
The thermal properties of PLA and its composites were investigated using a differential scanning calorimeter (Perkin Elmer, DSC 7, USA). Approximately 4 to 10 mg of respective samples were placed in appropriate pans and were sealed prior to introduction into the heating cell of DSC. They were heated from 30 to 200 o C at 5 o C/min under a nitrogen atmosphere at a flow rate of 10 mL/min.
Tensile Test
The tensile test was done in accordance with ASTM D882. Tensile strength, modulus, and elongation at break of the samples were measured via Universal Testing Machine (Instron®, Model 4301, US) with a load cell of 1 kN. Seven specimens with dimensions of 100 mm × 15 mm × 0.3 mm were cut from each sample. The tensile test was performed at a crosshead speed of 5 mm/min until tensile failure. The values were reported in the average of seven repetitions with the standard error.
Notched Izod Impact Test
The impact test was done in accordance with ASTM D256 standard. Tests were done with an Impact Pendulum Tester (Instron®, CEAST 9050, US) using a 0.5 J hammer. For each test, the impact strength was calculated simultaneously. Five specimens with dimensions of 63.5 mm × 12.7 mm × 3.0 mm were cut from each sample, and 2.5-mm notches were cut into each sample with a motorized notching machine (Instron®, CEAST NOTCHVIS, US). The values were reported in the average of five repetitions with standard error.
Water Absorption and Dimensional Stability
The water absorption of the sample sheets was measured in accordance with ASTM D570. Five specimens with dimensions of 20.0 mm x 10.0 mm x 0.3 mm were cut from each sample. All of the specimens were oven dried at 50 °C overnight to a constant weight, also measured as the initial weight. Using a Vernier calliper, the initial thicknesses of the strips were measured for the dimensional stability test. Then, the specimens were immersed in distilled water at room temperature. At every 24 h, each specimen was removed and pressed dry with a cloth, and weighed for up to 20 days. Simultaneously, their thickness was measured. The amount of water absorbed by the specimen was calculated using Equation (1) , and the difference in thickness was calculated using Equation (2) . The values were reported in the average of five repetitions with standard error.
(1) W T is the total water absorbed by the specimen [%], and W 1 and W 2 [g] are the weights of the specimen before and after immersion in distilled water. (2) t T is the total thickness swelling after immersion [%], and t 1 and t 2 [mm] are the thicknesses of the specimen before and after immersion in distilled water.
Oxygen Permeability
The oxygen transmission rates (OTR) of the sample sheets were acquired in accordance with ASTM D 3985-05 standard using an Oxygen Permeability Analyser (MOCON Inc., OpTech ® -O 2 Platinum, US) at room condition. Three circular specimens with 110 mm diameter were cut from each sample. 50 cm 2 of the specimen's surface area was subjected to the test. In the diffusion chamber, one side of the specimen sheet (the test cell at the lower part of the chamber) was purged with nitrogen at a flow rate of 10 mL/ min until 0% O 2 was established. This was followed by the purging of oxygen (99.9%) at the other side of the specimen sheet (the upper part of the chamber) with a barometric pressure of 760 mmHg (or 101 325 Pa). The test was stopped when minimum three consecutive transmission rate values differing by less than 5% were reached, which indicated the equilibrium state. Oxygen permeability (OP) was calculated using Equation (3), where ΔPO 2 was taken as 101,325 Pa and the O 2 pressure on the N 2 side of the sheet was assumed to be zero 9 . The values were reported in the average of three repetitions with standard error. 
Water Vapour Permeability
The water vapour transmission rates (WVTR) of the sample sheets were acquired in accordance with ASTM F 1249-06 using a Water Vapour Permeability Analyser (Permatran W3/31, MOCON Inc., US). Three circular specimens with 110 mm diameter were cut from each sample. 50 cm 2 of the specimen's surface area was subjected to the test. The tests were performed at 37.8 o C with 0 ± 2% RH on the test cell and 90 ± 2% RH on the permeant side. The test was stopped when minimum three consecutive transmission rate values differing by less than 5% were reached, which indicated the equilibrium state. Water vapour permeability (WVP) was calculated using Equation (4), where the water vapour pressure, P w at 37. 
RESULTS AND DISCUSSION
FTIR Spectra
The normalized FTIR spectra of C, neat PLA, PLA/C and PLA/ SGC composites at various silane concentrations are shown in Figure 2 . The overlaid spectra of PLA and the composites in the 3500-3200 cm -1 region are also shown for ease of comparison. In the FTIR spectrum of PLA, a few prominent characteristic peaks were observed corresponding to its ester groups. The peaks include the carbonyl stretching vibration C=O at 1754 cm -1 [10] [11] [12] , the C-O-C stretching vibration at 1184 cm -1 [12, 13] , and the C-O-C asymmetric mode at 1090 cm -1 [13, 14] . The changes in these three peaks were used to examine the interaction between PLA and the incorporated materials. In the PLA spectrum, there were stretching vibrations of -CH 2 at 2926 cm -1 and 2852 cm -1 [15] . 10, 14 .
Except for the increase in band intensity in the 3500-3200 cm -1 region of the PLA/C spectrum, its wavelength was similar to that of PLA. The 3500-3200 cm -1 region corresponds to -OH stretching vibration, which increased from the added cellulose. Generally, there was no chemical interaction between the cellulose filler and PLA. Researchers have reported similar findings with the PLA/rice starch composite 16 , the PP/waste pulverized tire/kenaf fibre composite 17 , and the PLA/kenaf-derived cellulose composite 12 .
To investigate the possible chemical interactions between the silanegrafted cellulose and PLA, changes in the peaks of ester groups in PLA (1754, 1184, and 1090 cm -1 ) were comparatively examined as shown in Figures 3 and 4 . As compared to PLA, these peak intensities were significantly reduced, with the spectrum of PLA/ SGC8 showing the lowest intensity, followed by PLA/SGC11 and PLA/ SGC5. Simultaneously, slight shifts of the peaks to lower wavenumbers occurred: 1754 cm -1 was shifted to 1752 cm -1 (for PLA/SGC5, PLA/ SGC8, and PLA/SGC11); 1184 cm -1 to 1181 cm -1 (for PLA/SGC5, PLA/SGC8 and PLA/SGC11); and 1090 cm -1 to 1087 cm -1 (for PLA/ SGC5, and PLA/SGC11). The changes in these peaks confirmed the intermolecular interaction between PLA and SGC. Consequently, the amine groups of APS can form hydrogen bonds with COO-sites on the hydrolysed PLA backbone 18 . As depicted in Scheme 1, the amine groups crosslinked onto the treated cellulose (SGC) could have formed hydrogen bonds with the carboxylic acid (-COOH) terminal groups of PLA. Of the PLA/SGC composites tested, PLA with SGC at 8 wt.% of APS grafting was considered as the optimum formulation. In addition to showing the lowest peak intensities corresponding to the ester groups in PLA, PLA/SGC8 also had the lowest band intensity in the 3500-3200 cm -1 region among the composites (Figure 2) . These characteristics effectively achieved the two goals of treating the lignocellulosic fibre-thermoplastic composite with a silane coupling agent, which are (i) to reduce the hydrophilicity of fibres for increased compatibility with the polymer matrix, and (ii) to function as interfacial linkages between the fibres and the polymer matrix for improved interfacial adhesion.
The reason for PLA/SGC8 as the optimum formulation among the tested composites was complex which includes the hydrolysis and self-condensation (or degree of oligomerization) rates of the silanol groups during the preparation of hydrolysed APS. With the standard procedure used to prepare hydrolysed silane, concentrations of the silane used became the key factor. Among the three silane concentrations tested, the greatest number of silanol groups formed was at 11 wt.% APS. At this concentration, many of the silanol groups may have self-condensed into rigid, three-dimensional polysiloxane cage structures, which reduced the availability of hydrolysed silanol molecules for cellulose binding. In addition, when the polysiloxane cage structures bound to the fibre, they hindered other dimer or linear silanol molecules from binding to other free hydroxyl sites of the fibre 7 . Ultimately, this reduced the number of silanols bound to the cellulose, which also carries the -NH 2 functional group that reacts with the terminal groups of PLA.
Thermogravimetric Analysis
Figures 5 and 6 show the TGA and DTG curves of neat PLA and its composites. higher than PLA/C). The difference in thermal stability of the composites can also be compared via the onset of the major degradation temperature, i.e., the temperature at which a sample starts to degrade. All of the PLA/SGC C. This improvement was due to the improved filler-matrix interfacial adhesion after treating the cellulose with silane 20 . Instead of two degradation peaks, as observed in the DTG curve of PLA/C, the DTG curves of the PLA/SGC composites had only one major degradation peak. This one major mass loss signified improved adhesion between the SGC and the matrix, which thermally degrade as a single phase. Overall, optimum thermal stability was reached at 5 wt.% silane grafting onto cellulose prior to filling into PLA. Figure 7 shows the DSC curves for neat PLA and its composites. Table 2 lists the glass transition temperature T g , crystallization temperature T c , melting temperatures T m1 and T m2 , enthalpy of crystallization ∆H c , enthalpy of fusion ∆H m , and degree of crystallinity X c for the samples. T g was reported as the temperature of the onset of the glass transition, and T c , T m1 , and T m2 were reported as the peak maxima. 21, 22 . The degree of crystallinity of PLA was 9%, which increased with the addition of fillers C, SGC5, and SGC8. Nevertheless, SGC11 had little influence on the crystallinity of PLA.
Differential Scanning Calorimetry Analysis
The decrease in T c and increase in X c from the addition of cellulose in PLA indicated that the kenaf-derived cellulose acted as a nucleating agent, which also initiated crystallization at lower temperature. Inclusive of the previous work, it was reported elsewhere that treating fillers with silane coupling agent before reinforcement had little or no effect on the T c and T m of the composite 4, 23, 24 . A similar trend was observed in the present work with T c and the melting temperatures (T m1 and T m2 ). Concurrently, it is noteworthy that PLA/SGC8 composite critically improved the crystallite nucleating ability with optimal X c at 16%. This was comprehensible because aside from filler-matrix interfacial adhesion, an improved degree of crystallinity also contributes in reinforcing the tensile properties of a composite 25 , which is consistent with the highest tensile strength of PLA/SGC8 among all of the PLA samples. Pei and co-workers 25 partially silylated cellulose nanocrystals with n-dodecyldimethylchlorosilane before reinforcement into PLLA to enhance the crystallization rate. The silane treatment improved the homogeneous dispersity of cellulose nanocrystals within the matrix, which enabled more individualized nucleating particles for enhanced crystal growth. In the present work, because 8 wt% could be the optimum silane grafting concentration for cellulose, it was comprehensible that SGC8 fillers (as nucleating agents) could be more well-dispersed within the PLA matrix compared to the other the fillers tested.
As the PLA used was a semicrystalline polymer with high L-lactide contents, the occurrence of dual melting o C for all of the PLA/ SGC composites. Besides PLA/SGC8 which has slightly lower T m2 at 153 o C, the rest of the blends had similar T m2 , which remained at 154 o C. The results showed that the addition of 30 wt.% cellulose (silane treated or untreated) in PLA did not significantly influence the T m of the PLA. Nevertheless, there was a marked difference in enthalpy of fusion ∆H m , especially ∆H m2 (the second endothermic peak) for PLA filled with the bio-sourced fillers. The second endotherms were at least twice as steep as that of PLA. Similar to the previous study, cellulose acted as an effective nucleating agent in growing the more thermally stable α-form crystals compared to the α'-form crystals 4 . Although α'-form crystals might have some degree of structural disorder in the conformation compared to the α-form crystals, α'-form crystals should not be presumed as the disordered state form of α-form. Instead, it is a crystalline form that is independent of the α-form, also presented as δ-form crystals by Wasanasuk and Tashiro 26 .
Mechanical Properties
The tensile properties of neat PLA and its composites are shown in Table 3 . PLA's tensile strength significantly decreased by 13% to 40.8 MPa with the addition of 30 wt.% of C. In contrary, the composite's tensile strength significantly improved after replacing the untreated cellulose with SGC5 and SGC8. Of all the samples, PLA/SGC8 had the optimum tensile strength at 52.4 MPa. The reinforcing effect from silane-grafted cellulose was reversed in PLA/SGC11.
The addition of 30 wt.% cellulose reduced the tensile modulus of PLA from 7.4 GPa to 5.6 GPa. Silane grafting of the cellulose at various concentrations before filling into PLA resulted in a significantly higher tensile modulus compared to PLA/C.
The neat PLA has low elongation at break at 1.6%. The addition of 30 wt.% cellulose did not significantly influence the brittle nature of PLA. Substituting the cellulose fillers with SGC5 and SGC8 did not significantly change the ductility of the composite. Of all the samples, PLA/SGC11 had the lowest elongation at break at 1.0%, which correlated to its highest tensile modulus.
The notched Izod impact strengths of PLA and the PLA composites are also shown in Table 3 The reduction in tensile and impact strengths of PLA/C composite was due to the poor interfacial adhesion between the filler and matrix, which caused poor stress transformation across the interface. Specifically for the impact strength, neat PLA itself has high impact resistance. When cellulose fibres were added (as a dispersed phase), the effective cross-sectional area of PLA (continuous phase) was reduced. The filler portion lacks energy absorbance ability; thus, causing the reduction in impact strength 27 . Similarly, El-Shekeil and co-workers 27 reported a decreasing trend in impact strength with polyurethane (TPU)/ kenaf fibre composites at fibre loadings of 20 to 50 wt.%.
In contrast to other findings in which the introduction of comparatively stiffer natural fibres into a polymer matrix increased the tensile modulus and decreased the elongation at break 15, [27] [28] [29] [30] , the changes of these properties in the present work were relatively small. This could be due to the stiffness and brittleness of the PLA, which subdued the rigidity of the fillers. The presently prepared PLA has 94% higher tensile modulus and approximately four times lower elongation at break compared to the values on the datasheet. It was stated on the datasheet that a difference in properties is expected depending on the manufacturer's processing method; thus, the values given should not be taken as specifications. Authors have reported deviated mechanical properties from those stated in the datasheets with different grades of NatureWorks LLC PLA resins, including 3001D, 3051D, 4032D, and 4042D 11, 31, 32 .
The reinforcement in tensile strengths of PLA/SGC5 and PLA/SGC8 was due to the grafted silane, which acted as a covalent bridge between the fillermatrix interfaces 5, 33 . With improved filler-matrix interfacial adhesion, the subjected stress was transferred evenly from the continuous phase of the matrix to fillers (dispersed phase). As observed in the morphology analysis, the diminishing flaws and gaps between the filler-matrix interfaces also reduced the stress concentrations or weak points within the composite. In contrast, PLA/ SGC11 showed a setback in tensile reinforcement, which could be due to the excessive self-condensation of hydrolysed silanes. In addition to reducing the number of free silanol molecules, the rigid self-condensed polysiloxane networks could have also hindered other smaller silanol molecules to bind to the cellulose 7 . Zhao and co-workers 34 reported a similar finding with poly(butylenes succinate) (PBS)/rice straw fibre (RSF) composites treated with aminosilanes at concentrations up to 15 wt.%. The optimum tensile strength was reported when PBS/RSF was treated with 5 wt.% 3-(2-aminoethylaminopropyl) triethoxysilane and 10 wt.% APS.
As compared to PLA/C, all PLA/SGC composites had decreased elongation at break and impact strength. This was expected due to the enhancement of the filler-matrix interfacial adhesion in addition to the stiffness of the fillers within the matrix. Similarly, Pang and Ismail 17 reported a slight decrease in ductility after silane-treating kenaf fibre in PP/waste pulverized tire/kenaf composites. Huda and co-workers 35 reported a significant decrease in the impact strengths of PLA/kenaf composites after silane-treating the kenaf.
For the impact strength, Wells and Beaumont 36 discussed the mechanisms of energy absorption during composite fracture from impact applied to a composite's notch tip, which was governed by three main mechanisms, namely, fibre debonding, fracture, and pull-out from the matrix socket. When a sufficient load was applied to a composite, the matrix cracked, which caused some intact fibres to bridge the fracture. Then, the fibres continued to debond, and new surfaces were created. At increasing load, the elastic strain energy in the debonded fibres built up and was mostly dissipated into acoustic energy and heat when they fractured. Overall, this process formed a continuous function of energy dissipation versus debonded fibre length, where the strain energy dissipated by fibre debonding and fracture was directly proportional to the debonded length. This result explains the further reduction in impact strength of PLA/SGC composites (with better filler-matrix interfacial adhesion) compared to PLA/C. At improved fibre-matrix interfacial adhesion, the debonded length of the fibres decreased, which lowered the level of energy absorption 37 . Figure 8 shows the water absorption trend, and Figure 9 shows the thickness swelling trend of PLA and composite sheets with ~0.3-mm thickness, measured for up to 20 days of distilled water immersion at room temperature. All of the samples exhibited linear Fickian behaviour in which the water absorption progressively reached equilibrium after a rapid initial phase. For PLA, equilibrium was reached within 2 days, with low water absorption at 0.5%. For the composite sheets, a rapid increase in water absorption was reported for the first 2 days, followed by a gradual increase until equilibrium was reached. PLA/C absorbed 6.9% moisture. Comparatively, PLA/SGC5 and PLA/SGC8 composites showed a slightly better water resistance with water absorption of 5.3% and 6.0%, respectively. PLA/SGC11 only reduced 0.2% of the water absorption of PLA/C, which was negligibly small.
Water Absorption and Dimensional Stability
The thickness swelling trends of the samples were closely related to their water absorption tendency. Similarly, the trend of swelling was PLA<PLA/SGC8<PLA/SGC5<PLA/ SGC11<PLA/C. With a comparatively slower rate, PLA stopped swelling after the fifth day of water immersion with a 1.9% of thickness increase. The PLA/C composite rapidly swelled and reached equilibrium at 8.9% after 5 days of water immersion. The rate of swelling appeared to be resisted in all of the PLA/SGC composites, with equilibriums reached within 8 to 12 days. The effect of SGC in resisting dimensional changes was more noticeable than that of water absorption with SGC8 and SGC5 as they effectively reduced the swelling of PLA/C composite to 3.3% and 5.0%, respectively. Although SGC11 was able to reduce the rate of swelling in the composite, it did not significantly reduce the swelling percentage which was almost similar to that of PLA/C.
The notable increase in water absorption and thickness swelling of PLA/C composite was anticipated due to the hydrophilic nature of cellulose. Water can penetrate into composite materials via three mechanisms, in which water molecules can either diffuse through capillary transport into gaps between the filler-matrix interfaces from incomplete wetting, micro gaps between polymer chains, or transport through the matrix micro cracks or pores formed during compounding 34 . The free hydroxyl groups in the cellulose readily form hydrogen bonds with the water molecules, which expands the cells until they are saturated with water 34, 38 . The cell expansion generates more micro cracks and fibre-matrix debonding, which further increases water penetration and leads to permanent dimensional changes 39 .
For PLA filled with silane-grafted cellulose, PLA/SGC8 had the most improved water resistance with the highest dimensional stability at 3.3%. Authors have reported a decrease in the moisture absorption of natural fibre-filled composites that were treated with a silane coupling agent 17, 23, 24, 34, 40 . The decrease ranged of 0.2% to 1.3% compared to that of untreated composites 17, 23, 34 . In the present work, silane concentrations at 5 wt.% and 8 wt.% were the most effective used to treat the cellulose because PLA/SGC5 and PLA/SGC8 had comparatively high water reductions of 0.9% and 1.3%, respectively. The improved water resistance was due to the improved adhesion or wetting of the polymer matrix onto the fibres, in addition to the comparatively fewer free -OH groups in the silane-grafted cellulose, which were chemically grafted with the silanol of ethoxysilane. A reversed effect in water absorption and swelling tests was reported with PLA/SGC11, similar to the trend in the tensile and barrier properties. This was expected from the increased number of voids and gaps in PLA/SGC11, which may facilitate water diffusion (as discussed in the morphology analysis). The decrease in the barrier properties was due to the poor cellulose-matrix interfacial adhesion, which subdued the barrierinducing effects, such as the decrease in the chain flexibility from the increase of the crystallinity (as reported in the DSC analysis) and the steric effects, in addition to the probable existence of tortuous pathways. To the best of our knowledge, there are few studies on the barrier properties of cellulosereinforced thermoplastic composites. Almenar and Auras 41 conducted a review on the permeation, sorption, m/m 2 s Pa. With the inclusion of SGC8, the medium-low oxygen barrier of the PLA sheet was shifted to the medium oxygen barrier range 43 . A marked decline in PLA's oxygen barrier was reported with the addition of 30 wt.% SGC11, which was 78% lower than that of PLA/C. For the water vapour barrier properties, PLA/SGC5 and PLA/SGC8 had an almost unchanged WVP compared to PLA/C, but PLA/ SGC11 further reduced the water vapour barrier property by 27%, with WVP at 7.1 x10 -17 kg m/m 2 s Pa.
Oxygen and Water Vapour Permeability
Silane grafting the cellulose at 5 and 8 wt.% APS before filling into PLA reinforced the barrier properties of the composites due to the improved filler-matrix interfacial adhesion and compatibility. The PLA polymer chain flexibility was reduced, which caused steric effects and increased the permeability resistance 44, 45 . Similarly, Liao and co-workers 46 reported improvement in the water vapour barrier with silane-grafted TiO 2 nanofillerreinforced silicone resin compared to composites filled with untreated nanofillers. Accordingly, silanegrafting the nanofillers improved their dispersion within the matrix, which created more tortuous pathways that enhanced the water barrier. Therefore, aside from the homogeneous dispersion of SGC5 and SGC8 within the PLA matrix, which enhanced the crystal nucleating ability of the fillers as discussed in the DSC analysis, SGC5 and SGC8 may also contribute to the formation of more tortuous pathways. The crystallinity also affected the barrier properties of the polymers 41, 45, 47 . From the DSC result, PLA/SGC8 had the highest crystallinity among all of the blends, which correlated with the highest oxygen barrier. The increased crystallites within the matrix imposed sufficient barriers to the diffusion of oxygen molecules.
Similar to the trend shown by the mechanical, morphological, and physical properties, PLA/SGC11 showed a decrease in barrier properties. The reinforcing effect from the silane treatment was again justified to diminish when excessive silane concentration was used to treat the composite fillers. Figure 10 shows the micrographs of the tensile fracture surfaces of neat PLA and the PLA composites. From  Figure 10a , PLA's tensile fracture surface was defined and smooth, with a few randomly distributed fracture lines, which denoted the brittle nature.
Morphology Analysis
For the composites, the kenaf-derived cellulose was rod-shaped with different diameters and was randomly dispersed in the matrix. Focusing at PLA/C composite's fracture surfaces (Figure 10b ), there were many exposed fibres pulled out of the matrix and voids from filler-related failures. In contrast, PLA/SGC5 and PLA/SGC8 fracture surfaces (Figure 10c and d) had more embedded fibres and significantly reduced voids. From the tensile fracture surface of PLA/SGC11 composite (Figure 10e) , a reversal effect occurred with increasing exposed fibre parts and voids, which was similar to PLA/C.
The tensile fractures of PLA/C, PLA/ SGC8, and PLA/SGC11 were then magnified at 500x to examine their filler-matrix interface, as shown in Figure 11 . From the PLA/C micrograph (Figure 11a) , a notably poor filler-matrix compatibility was observed, leading to filler-related failures, such as cellulose pull-out, gaps between cellulose and the PLA matrix interface, and cellulose-matrix debonding, which resulted in voids. Poor compatibility was expected due to the adverse difference in the polarity between the fillers and polymer matrix. Nevertheless, some good physical interlocking between the cellulose and the matrix was also observed.
For PLA/SGC8 (Figure 11b) , the filler-related failures were significantly reduced. Good interfacial adhesion and compatibility between the interfaces was observed because there was better wetting out of the PLA matrix onto the SGC. Some of the SGC8 was embedded in the matrix. The significant improvement in the filler-matrix interfacial adhesion of the PLA/SGC5 and PLA/SGC8 composites was due to the reduced hydrophilicity of cellulose and the intermolecular interactions, as previously discussed. Authors have reported similar observations after fillers were treated with silane coupling agent before filling into the matrix 21, 31, 34, 43, 48 . However, at the higher concentration of silane treatment (11 wt.%) (Figure 11c) , the reinforcement effect was reversed, with increased exposure of fibres and voids, which validated the decrease in the mechanical and barrier properties reported.
CONCLUSIONS
The FTIR spectra of all of the PLA/ SGC biocomposites confirmed the presence of filler-matrix chemical interactions, i.e., the intermolecular hydrogen bonding between the amine groups of the silane-grafted cellulose and the terminal groups of PLA. While reinforcement in thermal stability was adequately attainable by PLA/ SGC5, PLA/SGC8 had the optimum reinforcement in crystallinity, tensile strength, water resistance, dimensional stability, and oxygen barrier. In contrast, PLA/SGC11 resulted in an adverse effect in which it has the least reinforcement of the mentioned properties. Compared to the PLA/C composite, the PLA/SGC8 composite (i) enhanced the crystallizability from 12% to 16%; (ii) markedly improved the tensile strength to 52 MPa, which surpassed that of PLA; (iii) reduced the water absorption and dimensional changes from 6.9 and 8.9% to 5.3 and 3.3%, respectively; and (iii) improved the barrier ability against oxygen, with four times the reduction in OP to 3.2 x10 -17 m 3 m/m 2 s Pa. Overall, it is concluded that 8 wt.% of APS is the critical interfacial concentration for thermal grafting onto the kenafderived, cellulose-filled poly(lactic acid) composite.
